INTRODUCTION
Productivity studies on deciduous woodland ecosystems have been mainly confined to temperate and tropical regions. In north temperate regions productivity estimates are available for a considerable number of species growing in even-aged plantations or uneven-aged natural or semi-natural woodlands (see Westlake 1963; Ovington 1965; Whittaker 1966; Whittaker & Woodwell 1968) . There is little information, however, on the productivity of woodlands near their climatic limits.
In Greenland scrub-woodland is confined to the south-western region, within the subarctic zone. Even here scrub-woodland occurs only where local environmental factors favour its development. One of the commonest dominants is birch, which Bacher, Holmen & Jakobsen (1968) refer to the collective species Betula pubescens Ehrh. Other investigations have shown (Elkington & Jones 1973, and unpublished) that, in the study area, the trees are mainly of hybrid origin, derived from crosses between B. pubescens Ehrh. and B. glandulosa Michx.; they are therefore referred to as B. pubescens s. lat. in this account.
In Greenland the northern limit of well developed vegetation dominated by birch is at Arsuk Fjord (Bacher 1949) only 35-40 km to the north of the study area. The data reported here are therefore determinations of the biomass and productivity of birch close to its northern limit.
LOCATION AND CLIMATE
Studies were carried out at the south-west corner of the bay at Eqaluit, Nordre Sermilik Fjord (latitude 61 ° 06' N; longitude 45° 58' W). Here birch scrub-woodland is best developed on the more sheltered north-facing slopes. A uniform stand of 330 m 2 in area was chosen for study. The stand is north-facing, at an altitude of 120-135 m and between two elongated talus ridges on a 22° slope, in what is clearly a sheltered area with late snow lie. The substratum is of morainic boulders of Julianehab granite of varying sizes up to 0·5 m in diameter with an infill of weathered granitic sand. Elkington & Jones (1973) . The floristic composition is thus similar to that described by Bocher (1954) for birch-dominated communities at Narsarssuaq. Although sheep have been introduced into the area within the last ten years, there was no evidence of damage to the birch by herbivores or from cutting by man. The trees were notably free of insect pests, galls and fungal infections. Bocher (1954) has described the climate of this region as arctic oceanic---suboceanic. Meteorological records are available from the air-base at Narsarssuaq (Bocher 1949; Hansen 1973) ; this is 28 km to the east of Eqaluit and a similar distance inland. At Narsarssuaq the mean temperature is above + 7·5° C from mid-May to about mid August but exceeds 10° C only in July; June and July are virtually frost-free. During winter the minimum temperature falls to about -30° C. The length of the growing season is therefore severely reduced compared with that of more temperate regions. Although records from thermohygrographs placed in the birch scrub-woodland reached 23° C on a sunny day in early August, the temperature fell below 0° C at night. The annual precipitation is c. 700 mm, which is relatively high for Greenland. Furthermore it occurs evenly throughout the year, whereas in many other areas of Greenland precipitation is greatest during the summer months. The mean maximum temperature falls below freezing point for three and a half months, from early November to mid-February; the average total precipitation for this period is 155 mm which, assuming a density of 0·25 for the snow throughout the period of its persistence, amounts to an average depth of about 0·6 m since little will be lost by ablation. This may be important in determining the distribution of birch trees in relation to microtopography since it is possible that birch requires prolonged protection by snow cover from low temperatures, exposure to drying winds and airborne abrasive particles and gross mechanical damage by strong winds. With allowance made for drifting into sheltered sites, an average snow depth of 0·6 m could be adequate to protect the birch, most of which were less than 3 m in height, though a few grew to 4 m. This is supported by local information which suggested that in places the snow is up to 10 m deep in winter. A similar requirement for shelter has been noted for birch in north-west Iceland (Anderson et al. 1966) .
MORPHOLOGY
At Eqaluit individual trees lack trunks, their branches being ascending or sometimes almost horizontal, forming a dense interlacing network; the procumbent branches give off roots at intervals into the moss layer. It is not possible to recognize individual plants from a casual inspection. One can establish the relationship of the aerial branches to the thick stems only just above or beneath the layer of mosses and of these to such basal stumps as exist by clearing away the bryophytes. The term 'caudex' has been applied to the more or less hidden and horizontal stem from which the branches arise, rather than the term 'trunk' which applies to the normal dendroid habit. Only one or two individuals possessed aerial parts which were trunk-like and even these produced branches near the bryophyte layer. After removal of this layer, seventy-one individual trees were recognized in the stand. It became clear that some trees, now revealed as separate individuals, had been organically connected in the past, being still linked by dead and decaying stems. Tree age was estimated in a sample of eight trees by counting the number of incremental (growth) rings in a polished transverse section taken at the largest diameter of each caudex. Ages of branches were similarly estimated from sections taken from their bases. The rings have been treated as being annually produced (Beschel & Webb 1963) , although it is recognized that further investigation is necessary owing to the presence of 'frost rings', 'lenses' and 'disappearing rings' (Glerum & Sarrar 1966; Glock, Studhalter & Agerter 1960) . The youngest individual sampled was 38 years old. No seedlings or young established plants were found in this stand or other comparable sites and it may be that reproduction is mainly vegetative.
METHODS

Field sampling
Sampling was carried out on 1-14 August 1972 in dry weather so that all leaves and branches were dry when weighed. Each tree was measured for maximum and minimum diameter of the canopy, tree height and circumference of each branch at its base. The point at which the last measurement was taken was either the true base, if this was above the bryophyte layer, or at the point where it had emerged from the bryophyte layer. Seventy-one trees were measured and from them fifteen trees were selected as the de structive sample covering the complete size range, particularly in respect of the canopy diameter and sum of basal circumferences of branches. Checks were made to ensure that the trees were not abnormal in respect of other 'non-destructive' measurements.
A sample of thirteen branches, covering the range of branch circumferences was initially removed for study of their individual components. Branches were sawn off at their base and each was divided into leaves, first-year shoots and branch wood including bark, but excluding obviously rotten twigs which were removed, and each component weighed. Leaves were air-dried and samples of wood were sealed in polythene bags in the field. On return to England the samples of leaves from separate branches and sub samples of wood were dried to constant weight in an oven at 85° C. A disc was cut from the branch base for later estimation of age by counting growth increments. All other branches in the destructive sample were then removed, weighed and their maximum length measured; discs were cut for age determinations. Current twigs were not separated from the branches because they form only a very small percentage of their weight (0·04-0· I 3 % in samples). The tree bases, including roots as far as possible, were then dug up and weighed. The roots were then removed, sub-samples being collected for dry weight determination, and the tree base (caudex) reweighed.
Samples of leaf discs from high and low positions in the canopy were collected, initially air-dried and then dried at constant weight at 85° C, so that leaf area index could be calculated.
Calculations
Biomass. The fresh weights of leaves for all branches were estimated from the regression of branch circumferences on fresh weights of leaves per branch (y = 11·93 + 16·29x; P<O·OI) as determined from the initial destructive sample. By use of this regression, estimates of leaf fresh weights were made for the remainder of the destructive sample. Since total branch fresh weights were measured directly, fresh weights of branches without their leaves could then be calculated. The branch dry weights were obtained using a conversion factor derived from oven-drying wood samples. Cube roots of branch dry weights plotted against branch circumferences gave a linear regression (Fig. I) , and the calculated line (y=0·15+0·07x; P<O·OOI) allowed estimates of branch weights for all trees to be made. Cube roots of leaf dry weights from the initial sample of branches plotted against branch circumferences gave a linear regression (y=0·20+0·02x; P< 0·001). The calculated line was used to obtain estimates of leaf dry weights for all branches. The mean fresh weight/dry weight ratio for branch wood and bark was used to obtain dry weights of the caudices in the destructive sample. The regression of caudex dry weights on the sum of branch circumferences for each tree (y = 0·08x -1 · 13; P < 0·001) allowed estimates of caudex dry weights for all trees to be calculated. The dry weights of branch wood and bark, leaves and caudices were used to calculate above ground biomass. Root dry weights were obtained using a conversion factor derived by oven-drying root samples. The regression of root dry weights on the sum of branch circumferences
Fm. 3. Regression of branch ages, estimated by ring counts, on the branch circumferences in the destructive sample.
of each tree ( Fig. 2 ) (y=0·04x-0·37; P<O·OOI) allowed calculation of root dry weights for all trees in the destructive sample. These root weights are undoubtedly underestimates since it was not possible to extract the fine roots. Leaf area index was calculated from the leaf biomass data and from dry weights of groups of leaf discs. Samples taken from the upper and lower parts of the canopy differed only by c. 25% in weight per disc; a mean figure of leaf disc dry weight was therefore used to calculate leaf area index.
Productivity. The regression of branch ages, estimated by ring counts, on the branch cir cumferences (Fig. 3 ) (y = 22·85 + 1·54x; P<O·OOI) allowed branch ages for all trees in the stand to be estimated. Since the regression is linear, annual branch wood and bark productivity was calculated assuming that annual weight increments are equal. Figures for leaf productivity were obtained from leaf dry weight estimates. The regression of caudex ages, estimated by ring counts, on the sum of branch circumferences for each tree (y = 63·88 + 0·10x; P<O·Ol) allowed calculation of age estimates for all caudices in the stand. These, together with the estimates of caudex and root dry weights, were used to provide figures of caudex and root productivity.
RESULTS
Histograms showing the distribution of branch circumference, tree height and canopy diameter for all trees in the stand are given in Fig. 4 . The canopies were usually irregular and sometimes notably elongated: although the cover was not complete, varying between 60% and 100%, the total of canopy areas (487 m 2 ) was considerably in excess of the stand area. This is an indication of the degree of interlocking of the individual canopies. The densities of branches and trees in the stand were 7700 and 2150 per hectare respec tively.
The mean dimensions (and their standard errors) of the trees in the destructive sample are given in Table 1 together with estimates of net productivity and percentage distribu tion of biomass. The high standard errors are indicative of the wide size range of trees in the destructive sample. The comparatively low mean tree height compared with the * Range given owing to skewed distribution (see Fig. 4 ). (Fig. 4b) Ovington & Madgwick (1959) for birch in England. There is, however, a considerable difference in the distribution of the biomass, since the branches Leaf area index (m 2 /m 2 ) 1 ·57
branch lengths and the skewed distribution of tree height in the non-destructive sample
Annual productivity of above-ground parts (tonnes/hectare) Branch wood and bark 0·64 Current leaves 1 ·20 Caudex 0·14
Annual productivity of below-ground parts (tonnes/hectare) Roots 0·09
form 65 %of the total and the caudex only 21 %, in the present sample, whereas Ovington & Madgwick (1959) (Ovington & Madgwick 1959) Ovington & Madgwick (1959) Ovington & Madgwick (1959) , but clearly less than in most of the plots, except those of saplings studied by them (I ·7-6·5) . Ovington (1965) (Ovington 1965) . A more useful biomass comparison uses the above-ground parts and the figure of 46·5 t/ha given by Ovington (1965) is similar to that of the Greenland birch woodland (48·5 t/ha). Leaf biomass is considerably higher in temperate birch woodland, the figure of I ·8 t/ha given by Ovington (1965) being 50% above that of the Greenland material. Total net primary productivity in the Greenland stand (2· I t ha-
DISCUSSION
It is clear that the biomass (per tree and per area) and productivity of birch in Greenland are lower than those of temperate birch woodland, which in turn has the lowest biomass (63·4 t/ha) of the forest types compared by
is also low when compared with the lowest figure given by Rodin & Bazilevich (1967) (Ovington & Madgwick 1959) , beech and spruce (Nihlgard 1972) have shown the productivity of leaf material to be much less than that of branches, the reverse is found in the Greenland stand. In English birch (Ovington & Madgwick 1959) The results probably represent nearly minimal values for deciduous woodland.
